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ABSTRACT

2 37245

The tensile properties of recrystallized, doped powder-metallurgy
tungsten—3% rhenium rod have been determined from 1370 to 2930°C
in vacuum at a strain rate of 0.02/min. A comparison is made
with recrystallized, doped powder-metallurgy tungsten, which shows
comparatively poor ductility, and plasma-flame single-crystal tungsten,
a very ductile material. The variation of strain-hardening exponent
with temperature is shown for the two powder metallurgy materials.
Tungsten—-3% rhenium has the highest strength and the lowest
ductility of the three materials. At a test temperature of =50% of the
absolute melting point, both tungsten-39% rhenium and powder-
metallurgy tungsten show decreased ductility and intercrystalline
fracture associated with void formation and growth. Ductility does
not increase with increasing temperature above =65% of the absolute
melting point for tungsten-3% rhenium, as it does for powder-
metallurgy tungsten, and this is attributed to the absence of stress-
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induced grain growth during testing.

.- 2

. INTRODUCTION

The high melting point, high elastic modulus, and low
vapor pressure of rhenium suggest its use as a favorable
alloying element for tungsten. Geach and Hughes (Ref.
1) showed that tungsten-rhenium alloys were far more
ductile than the component metals, and that a tungsten-
35% rhenium alloy was readily fabricated without diffi-
culty at a few hundred degrees centigrade. Other work
(Refs. 2-4) confirmed and extended the knowledge of the
beneficial effects of rhenium on the workability of tung-
sten in the range from 18 to 32 wt. %. Pugh et al (Ref. 5),
investigating tungsten—rhenium (1-20%) wire for elec-
tronic and lamp applications, showed that it has better
ductility, higher recrystallization temperature, higher
strength, and higher electrical resistance than unalloyed
tungsten wire. Tensile properties reported have been for

highly wrought forms of tungsten-rhenium alloys, such as
wire and sheet, up to about 2000°C. Creep-rupture prop-
erties for tungsten—25% rhenium sheet up to 2600°C are
reported (Ref. 6). To the author’s knowledge, tensile
properties of dilute tungsten—rhenium alloys in the form
of wrought recrystallized coarse-grained rod at tempera-
tures up to 2900° C have not previously been investigated.

The purpose of the present investigation was to study
the possible beneficial effects of 3% rhenium on the
tensile properties of doped powder-metallurgy tungsten
in swaged, recrystallized rod form. To show contrasting
tensile behavior, data on doped powder-metallurgy tung-
sten rod and plasma-flame single-crystal rod (Ref. 7) are
included.
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Il. MATERIALS

The swaged tungsten-3% rhenium (W-3Re) rod (0.330
in. in diameter) used in this investigation was made by a
powder-metallurgy process. It was the same rod stock
used to make wire for the study reported in Ref. 5. The
powder-metallurgy (PM) tungsten rod (0.375 in. in diam-
eter) and the W-3Re rod were made from doped powder
stock, although not from the same lot. Plasma-flame
single-crystal (PF) tungsten rods (0.875 in. in diameter)
were grown, as the name implies, by melting powder in
a plasma-flame hot zone. The crystal axes were parallel
to [111] within 10 deg.

The impurity levels (determined by a commercial lab-
oratory) for W-3Re, PM, and PF tungsten materials are
given in Table 1. The W-3Re alloy contains more oxygen
and carbon and less nitrogen than PM tungsten. Notably
high carbon content sets the PF tungsten apart from the
other materials. Silicon, iron, and aluminum levels are
lower for W-3Re than for PM tungsten. Duplicate
samples were not run for the W-3Re; hence, a range of
values is not given. The analysis of typical powder-
metallurgy wire is presented for comparison.

Table 1. Impurity levels in tungsten materials

Concentration (p.p.m.)
Tungsten
Element W-3Re" Wire® m:;,:lllif;y ';II‘:’S::
Oxygen 28 5 1.3-5 5.9
Carbon 14 20 2-4 66-98
Nitrogen ] 3 5-16 4-7
Hydrogen <1 © e €ed
Silicon <10 <10 <10-20 10-30
Iron <10 60 10-40 20-40
Molybdenum <50 30 30-50 e
Aluminum <10 <10 20-40 10-30
Nickel <10 <10 <1 <10
2Actual rhenium content is 2.8% (Ref. 5).
bTypical analysis of tungsten wire (Ref. 5).
¢Not determined.

Specimens of all three materials were heated, several
at once, in vacuum (1079 torr or better) to 2845°C, held

for 10 minutes, and furnace-cooled prior to testing. This
heat treatment resulted in fully recrystallized structures
for both W-3Re and PM materials, while only a few
low-angle boundaries were observed in the PF tungsten.

Fig. 1. Longitudinal section of tungsten—3% rhenium,
"as received’’. Etched 1 min. in 30-cm® lactic acid,
10-cm* HNO,, and 10-cm® HF

R

Fig. 2. Longitudinal section of tungsten—3% rhenium,
“’as recrystallized’’ (10 min. at 2845°C). Etched
1 min. in 30-cm?® lactic acid, 10-cm® HNO,,
and 10-cm’® HF
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Longitudinal microstructures of W-3Re “as received”
and “as recrystallized” are shown in Figs. 1 and 2, respec-
tively. The structure shown in Fig. 1 appears to be
incompletely recrystallized, while Fig. 2 shows com-
plete recrystallization with secondary grain growth. Un-
resolved detail within the grains (Fig. 2) occurs with

greater frequency than in recrystallized PM tungsten
{not shown). The recrystallized grain size for the W-3Re
alloy, determined by the line intercept method, varied
between 100 and 260 grains/mm?, with an average of
165 grains/mm?® The PM material had an average re-
crystallized grain size of 240 grains/mm?.

ill. APPARATUS

The apparatus and procedure have been described pre-
viously (Ref. 8). Briefly, the method involves a vacuum
atmosphere and radiation heating of a standard specimen
(0.640-in. gage length by 0.160-in. D) (Ref. 9) held
in a hot-grip assembly. The furnace is heated by induc-
tion. The simultaneous recording, by an x-y plotter, of
load cell (strain-gage type) and extensometer (linear-
potentiometer type) outputs gives an engineering stress-

strain curve for each test. All tests were conducted at a
strain rate of 0.02/min. Two improvements have been
made since the apparatus was first reported; namely, a
ball-nut lead screw has replaced the Acme thread lead
screw and a new vacuum system has been installed,
giving higher pumping capacity and lower ultimate
pressure ( =5 X 107 torr) at test temperatures.

IV. RESULTS AND DISCUSSION

A. Stress-Strain Curves and Strain-Hardening
Exponent

A typical stress-strain curve at 1930°C and a strain
rate of 0.02/min. is replotted from the original x-y record
for tungsten—3% rhenium (W-3Re) in Fig. 3. The powder-
metallurgy (PM) and plasma-flame single-crystal (PF)
tungsten curves (Ref. 7) at the same strain rate and tem-
perature are shown for comparison. It is apparent that
W-3Re, although stronger, has less elongation than PM
tungsten. Both W-3Re alloy and PM tungsten specimens
fracture in an intercrystalline manner at 1930°C with
little or no necking, while PF material characteristically
shows a knife-edge fracture.

Numerical values from the original x-y records were
punched on tape for computer handling. The computer
was programmed to replot the engineering stress-strain
curve, and, assuming constant volume in the specimen
during straining, to give the true-stress—true-strain curve.
The assumption of constant volume is not quite true

because of void formation and growth during the test.
The void content expressed on an area basis was 3.9%
in a longitudinal section, slightly away from the fracture
in the W-3Re specimen tested at 1930°C. Further pro-
gramming produced the logarithm of the true-stress vs
the logarithm of the true-strain curve retraced in Fig. 4.

The simplest mathematical expression for a true-stress—
true-strain curve is.

o= K¢

where o is the true stress, K is the strength coefficient,
e is the true strain, and n is the strain-hardening expo-
nent. The slope of the line in the Naperian log-log plot
(Fig. 4) gives the value for n. The nearly straight line
shown up to the maximum true stress indicates that the
above mathematical expression fits the data. The rapid
drop in true-stress values is probably the result of in-
ternal necking, because pores were observed in the
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Fig. 3. Typical engineering stress-strain curve for
tungsten—3% rhenium tested at 1930°C at a
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data from Ref. 7
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Fig. 4. Naperian log-log plot of true-stress vs true-strain
for tungsten—3% rhenium tested at 1930°C
at a strain rate of 0.02/min.

fracture zone. As previously mentioned, fracture always
occurs in an intercrystalline manner, with little or no
external necking, in both the W-3Re alloy and doped
powder-metallurgy (PM) tungsten.

The strain-hardening exponent values for W-3Re are
shown in Fig. 5 along with the average curve' for PM
tungsten. These data show that a 3% addition of
rhenium lowers the strain-hardening exponent for PM
tungsten between 1370°C and =<2250°C, and above
~2600°C. The anomaly at =~1900°C, apparent in Fig. 5
for PM tungsten, has been found by the author (unpub-
lished work) in two other powder-metallurgy materials,
one doped and one undoped. The reason for the anom-
aly, or its absence in the case of W—-3Re, is not presently
understood.

No obvious relation appears to exist between solid-
solution softening or hardening at room temperature and
strain-hardening at high temperatures. Rhenium addi-
tions up to 5% lower the room temperature hardness
level of tungsten (Refs. 4, 5). In the present work, the
500-g Knoop hardness of W-3Re “as received” was 478
at room temperaturc. When recrystallized, the hardness
fell to 355 Knoop. The recrystallized PM material had
an intermediate hardness value of 400 Knoop, substan-
tiating Refs. 4 and 5.

*A corrected table for the curve of Ref. 7 appears in Transactions,
American Society for Metals, Vol. 56-4, 1963, p. 973.
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Fig. 5. Strain-hardening exponent n as a function of
temperature for tungsten—3% rhenium alloy.
Comparison data from Ref. 7
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B. Tensile Data

The tensile data are summarized in Figs. 6-8. Average
curves from the data of Ref. 7 are included. Figure 6
shows the ultimate tensile strength of W-3Re as a func-
tion of temperature. The W-3Re material exhibits
greater strength than either comparison material at all
test temperatures except 2930°C, where it has equal
strength with PM tungsten. As might be expected, the
PF tungsten, even with its higher carbon content, is
weaker at all test temperatures.

In Fig. 7, elongation is plotted vs temperature for
W-3Re. It is the second form of tungsten which the
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Fig. 6. Ultimate tensile strength as a function of

temperature for tungsten—3% rhenium alloy.
Comparison data from Ref. 7
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Fig. 7. Elongation as a function of temperature for
tungsten—3% rhenium alloy. Comparison
data from Ref. 7
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Fig. 8. Reduction in area as a function of temperature
for tungsten—3% rhenium alloy. Comparison
data from Ref. 7

author has found to show less elongation than doped
powder-metallurgy rod, the first being pyrolytic tungsten
(Ref. 10).

Ductility differences are even more noteworthy in
Fig. 8, which shows reduction in area as a function of
temperature. The curve for W-3Re lies below that for
PM tungsten at all temperatures, and does not show any
increase in ductility with increasing temperature. Above
1900°C, the reduction-in-area values for W-3Re fall
below those for pyrolytic tungsten (Ref. 10), not shown.
The very ductile PF material (knife-edge fractures)
shows 99*% reduction-in-area values across the plot.

The photomicrograph in Fig. 9 shows a longitudinal
section of a W-3Re specimen tested at 2480°C. Voids
lie, in general, on grain boundaries that are normal to
the tensile axis. The number of voids increases with in-
creasing temperature, and the amount of plastic deforma-
tion of the grains decreases with increasing temperature
(all consistent with the low reduction-in-area and elonga-
tion values shown).

One may well ask why the expected beneficial effect
of rhenium on ductility when alloyed with tungsten is
not realized in this case. The remarkable strength and
ductility of W-1Re, W-3Re, and W-5Re in the form of
0.008-in. wire was strongly structure-dependent as re-
ported by Pugh (Ref. 5). For example, the strongest
alloys had the highest recrystallization temperature and
when tested at =~2000°C were still very fine-grained,
probably only stress-relieved, structures. The structure
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Fig. 9. Longitudinal section of tungsten—3% rhenium
as tested at 2480°C at a strain rate of 0.02/min.
Etched 1 min. in 30-cm’® lactic acid,
10-cm® HNO., and 10-cm® HF

of the present material is very different, being fully re-
crystallized and coarser-grained. No direct comparison
of the present material can be made with fine wires or
thin sheets, even when recrystallized, because of the
specimen size factor. A meaningful comparison is pos-
sible between the W-3Re rod and PM rod because they
were made from the same type of doped tungsten
powder stock and had similar pressing and sintering, and
nearly identical recrystallization and testing conditions.

In the PM material, the ductility minimum, associated
with intercrystalline fracture, appears to be the result of
void nucleation and growth associated with grain-
boundary sliding (Ref. 11) at ~0.5 T,, (T, is the melt-
ing point, °K.). An increase in ductility (Ref. 7), as
measured by either reduction in area or elongation, is
accompanied by stress-induced grain growth during
testing, beginning at ~2100°C (0.65 T,). The W-3Re
alloy showed no increase in ductility in the temperature
range above =~2100°C, and little or no increase in grain
size, with the exception of the specimen® tested at

*This specimen had the finest grain size; namely, 260 grains/mm®.

~2500°C. In pyrolytic tungsten, the lack of an appre-
ciable increase in ductility above =~2000°C was also
associated with little or no stress-induced grain growth
(Ref. 10). This is supporting evidence for the dependence
of ductility on stress-induced grain growth in tungsten
above the grain boundary sliding region at =~0.5 to
=0.65 T,.

Stress-induced grain growth, as well as grain-boundary
sliding, seems quite dependent upon impurity level and
distribution, and probably upon grain size. One of the
principal effects of rhenium in tungsten is reported to be
the lowering of interstitial element solubilities (Ref. 2).
The W-3Re alloy, with its lower solubility and higher
oxygen and carbon content, could have a second phase
at the grain boundaries, probably an oxide (Refs. 2 and
4). Second-phase particles, if present, would act to pin
grain boundaries and account for higher strength and
the absence of stress-induced grain growth. Solid-solution
strengthening may also, in part, account for the higher
strength. For example, it has been shown (Refs. 2 and
12) in tungsten-rhenium alloys that the grain boundary
is rhenium-rich and, hence, harder than the center of
the grain.

In the present work, the grain size difference (165
grains/mm?* for W-3Re vs 240 grains/mm?* for PM tung-
sten) is not considered to contribute to the difference in
reduction-in-area ductility. In the case of PI' tungsten,
the absence of grain boundaries and, hence, a grain
boundary distribution of impurities probably accounts
for the lower ultimate strength and higher ductility. The
effect of crystal orientation is not known.

The limited quantity of W-3Re rod necessitated the
use of one test specimen per temperature (with the ex-
ception of 1370°C). The quantity limitation was also true
for the PF tungsten. From previous work (Ref. 7) and
present, unpublished work it is believed that the smooth
curves shown are sufficiently accurate for the conclusions
drawn. The fact that the powder-metallurgy and plasma-
flame single-crystal tungsten were tested before the ap-
paratus was improved is not considered significant. It is
important to realize that properties reported may belong
uniquely with the material lot and that the next lot could
have differing properties.
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V. CONCLUSIONS

1. Doped powder-metallurgy tungsten containing 3%
rhenium has higher ultimate strength than the same type
of tungsten without rhenium (both in swaged, recrystal-
lized rod form) in the temperature range between 1370
and 2930°C. Three-percent rhenium lowers the room
temperature hardness of tungsten as recrystallized.

2. Ductility, above 1370°C, as measured by reduction
in area and elongation, is lowered by the addition of 3%
rhenium to doped powder-metallurgy tungsten. The
reduction-in-area ductility above ==2000°C is slightly
lower than that reported for pyrolytic tungsten.

3. Decreasing ductility in both powder-metallurgy
materials is associated with void formation and growth
and intercrystalline-type fracture in the temperature
range from =<0.5 to =0.65 T, (1650-2200°C). Stress-
induced grain growth, which may limit void growth,
appears to be necessary for an increase in ductility above
this region.

4. The strain-hardening exponent values above
~1500°C are lower for W-3Re than for powder-
metallurgy tungsten without rhenium.
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